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NATIONAL AERONAUTICS AND SPACE ADMINISTRATICN

MEMORANDUM 2-11-59E

EFFECT OF STATOR AND ROTCR ASPECT RATIC ON
TRANSONIC-TURBINE PERFORMANCE

By Robert Y. Wong and Daniel E. Monroe

SUMMARY

The effect of stator and rotor aspect ratio on transonic-turbine
performance was experimentally investigated. The stator aspect ratios
covered were 1.6, 0.8, and 0.4, while the rotor aspect ratios investi-
gated were 1.46 and 0.73. It was found that the observed variation in
turbine design-point efficiency was negligible. Thus, within the range
of aspect ratio investigated, these results verify for turbines operating
in the transonic flow range the finding of a reference report, which
showed analytically that, if blade shape and solidity are held constant,
the aspect ratio may be varied over a wide range without appreciable
change in turbine efficiency.

INTRODUCTION

In the design of a turbine it is in many cases desirable to select
the aspect ratio of the blading from such mechanical considerations as
turbine weight, disk stress, or blade manufacturing tolerances. There-
fore, it is important that the designer understand the significance of
his selection on the resultant over-all turbine performance.

Recent analytical investigations into losses occurring in turbo-
machinery have indicated that, if surface velocity distributions are
maintained constant (by maintaining blade shape and solidity of blades
in a blade row), the aspect ratio may be varied over a wide range without
appreciable change in over-all turbine loss (ref. 1). This result was
experimentally verified with reference 2 for turbines designed for con-
servative velocity diagrams.

The investigation described in this report determines if the aspect

ratio effects predicted in reference 1 can be applied to turbines oper-
ating in the transonic flow range. Three transonic stators were

E-177



investigated experimentally, each with the same rotor. The stator aspect
ratios selected were 1.6, 0.8, and 0.4 with both the stator blade shape
and solidity held constant. 1In addition, two transonic rotors having
aspect ratios of 1.46 and 0.73 were investigated using the highest aspect
ratio stator. The latter one was used in the stator study. The manner
used in varying the rotor aspect ratio was the same as that used for the
stator. Included in this report are the results of the over-all per-
formance tests of the four turbines investigated. In addition, the re-
sults of surveys obtained behind the three stators are presented to
further establish the fundamental reasons as to why the observed aspect
ratio effects occurred.

SYMBOLS
o4 aspect ratio, blade height
chord length
c chord length, ft
H, blade wake form factor, ratio of wake displacement thickness to

wake momentum thickness

Ah'  specific work output, Btu/lb

N rotative speed, rpm

n exponent used to describe simple bouncary-layer velocity profile
P pressure, 1lb/sq ft

T radius

U blade velocity, ft/sec

v absolute gas velocity, ft/sec

W relative gas velocity, ft/sec

W welght flow, 1b/sec

s ratio of specific heats

& ratio of inlet total pressure to NASA standard sea-level pres-

sure, pl/p*



-
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7 adiabatic efficiency defined as ratio of turbine work based on

torque, weight flow, and speed measurements to ideal work based

on inlet total temperature and inlet and outlet total pressure,

both defined as sum of static pressure plus pressure correspond-
ing to gas velocity

@cr squared ratio of critical velocity at turbine inlet to critical
velocity at NASA standard sea-level temperature, (Vcr,O/ng £

6., blade wake momentum thickness, ft

Subscripts:

cr conditions at Mach number of 1.00

fs conditions at free stream or that region between blade wakes

le leading edge
t tip

te trailing edge

X axial direction

0 upstream of stator (see fig. 2)

1 channel exit

2 station Jjust upstream of stator trailing edge
3 station in free stream between stator and rotor
5 station Jjust upstream of rotor trailing edge

6 downstream of rotor



Superscripts:

* NASA standard conditions

' absolute total state

TURBINE DESIGN
Design Requirements

The following design requirements for the l4-inch cold-air turbines
investigated hereln are the same as reference 3:

Equivalent specific work, Ah'/@_.., Btu/Ib . . . . . . . . . . . . 22.61
Equivalent weight flow, ew\/@cr/ﬁ, Ib/sec . « . . v+ v 4 . . . . 11.95
Equivalent tip speed, Uy/V@.., ft/sec . . . . . . . . . . . . . . . 597

Stator Design

The three stator blade rows used in this investigation were obtained
by using the stator blade described in reference 3 and scaling the pro-
files of this stator to one-half and twice the size, while maintaining
the solidity at 1.41 (defined herein as the ratio of chord to spacing at
the mean radius) and the blade height at 2.1 inches. This resulted in
the three stator blade rows containing 40, 20, and 10 blades. The 40-,
20-, and 10-blade stators with correspondirg aspect ratios Qﬂ) of 1.6,
0.8, and 0.4 will be hereafter referred to as stators A, B, and C, re-
spectively. The aspect ratics and number ¢f blades for the three stators
are tabulated in table T.

The trailing-edge radii of the statore were maintained at 0.005 inch.
The spacing changes due to aspect-ratio variaticns while maintaining
trailing-edge thickness and solidity comstint resulted in a voriation in
trailing-edge blockage, which in turn resulted in slightly different
lade velocity diagrams as tabulated in tatle II. The coordinsates on
cylindrical surfaces for stators A, B, and C are given in tablic III. A
vhotograph of the three stiters 1s presentec in Tipure !



Rotor Design

The two rotor blade rows used in this investigation were obtained
by using that described in reference 4 and scaling the profile of this
rotor to one-half size while maintaining the solidity at 2.86 and the
blade height at 2.1 inches. This scaling resulted in a rotor with 74
blades. The 74- and 37-blade rotors with corresponding aspect ratios
of 1.46 and 0.73 will be hereafter referred to as rotors A and B,
respectively. The aspect ratios and number of blades for these rotors
are tabulated in table I. The coordinates for rotors A and B are given
in table IV, and the velocity diagrams are given in figure 2. A photo-
graph of the two rotors is presented in figure 3.

APPARATUS, INSTRUMENTATION, AND PROCEDURE

The apparatus, instrumentation, and method of calculating the per-
formance parameters are the same as those described in reference 4 with
the following exceptions: (1) A sharp-edged orifice was used to measure
air weight flow instead of the submerged adjustable orifice previously
used. The sharp-edged orifice was installed in accordance with ASME
Power Test Codes and located downstream of an automatic pressure control
valve to assure measurements under steady-flow conditions. The sharp-
edged orifice was calibrated and found to indicate about 1/2 percent
higher weight flow than the previously used submerged orifice. (2) A
wire mesh screen was placed about 150 wire diameters upstream of the
turbine inlet to remove flow distortion due to large struts and boundary-
layer buildup. (3) Another strain-gage torquemeter was used and, al-
though it was statically calibrated, the two torquemeters could differ
by as much as 1/2 percent because of dynamic effects which result from
manufacturing tolerances.

The difference in level of performance between that reported in
reference 3 and that reported herein is attributable to the differences
in instrumentation discussed herein and experimental error. A diagram-
matic sketch of the cold-air turbine test section is given in figure 4.

The over-all performance of four single-stage turbines was obtained
by operating stators A, B, and C with rotor B, and then rotor A with
stator A. These turbines will be hereafter referred to as turbines I,
II, III, and IV (see table I). Performance test runs were made at con-
stant speeds of 60, 70, 80, 80, 100, 110, and 120 percent design speed.
For each speed the total-pressure ratic was varied from approximately
1.3 +o the maximum obtainable pressure ratic {approx. 2.5). The turbine-
inler conditions were maintained at approximavely 1450 F and 3Z inches
of mercury absoclute.



Surveys of total pressure just at the trailing edge and slightly
downstream of the exit of the three stator: were made to obtain the blade
wake characteristics and over-all stator total-pressure ratio.

RESULTS AND DISCUSSION
Effect of Stator and Rotor Aspect Ratio on Over-All Turbine Performance

The over-all performance characteristics obtained in testing the
four turbines are presented in flgure 5. 1In this figure equivalent
specific work Ah'/@cr is plotted sgainst weight-flow - speed param-
eter ewN/S for lines of constant total-pressure ratio from 1.8 to
limiting loading (max. work output). Linee of constant speed as a per-
cent of design speed and constant total efficiency 1 are also shown.

A comparison of the performance maps for turbines I, II, and III
(figs. 5(a), (b), and (c)) indicates that at design equivalent specific
work and design equivalent speed the experimentally obtained efficiencies
were 0.858, 0.853, and 0.856, respectively. The average of the observed
choking weight flow of these three turbines was about 1/2 percent less
than design with less than O.2-percent variation among them. Since the
differences in design-point efficiency are small, experimental accuracy
of this test setup would tend to cbscure any significance that may be
attached to these differences. The result to be noted here is that
stator aspect ratio was varied from 1.6 to 2.4 with little effect on
design-polnt performance.

A comparison of the performance maps for turbines I and IV (figs.
5(a) and (d)) at design equivalent speed inlicates that the experi-
mentally obtained efficiencies were 0.858 aid 0.859, respectively. The
average choking weight flow was about 0.8 parcent less than design with
less than O.2-percent variation. Since the difference in efficiency
again is small, it can be concluded that ro:or aspect ratio within the
range investigated had little effect on des:. .gn-point performance.

Effect of Stator Aspect Ratio on Stato:* Wake Characteristics

Stator-mean-section wake characteristics were obtained from total-
pressure surveys made Jjust downstream of the trailing edge. Blade wake
form factor plotted against outlet critical velocity ratio for the three
stators is shown in figure 6. The ratio of blade wake momentum thickness
to chord for the three stators is plotted against outlet critical veloc-
ity ratio in figure 7. These parameters are similar to those of refer-
ence 5, which presents a study of mean-sectlon blade element boundary-
layer characteristics. An inspection of figure 6 of the form factor,
obtained for the blade wake at the mean rad:ius, indicates that similar



trends were obtained for all three stators. Shown with the form factor
is a theoretical variation of form factor with velocity assuming a simple
power law velocity profile with an exponent n of 1/7. It can be seen
from figure 6 that for stators A and C the experimentally obtained form
factor can be closely approximated with the simple power law velocity
profile. For stator B, however, most of the points fall somewhat above
the theoretical curve, which indicates a somewhat larger displacement
thickness.

A comparison of the ratio of momentum thickness to chord in figure 7
indicates a trend of decreasing ratio with velocity and increasing ratio
with increasing aspect ratio. This increase in ratio of momentum thick-
ness to chord with aspect ratio is a reflection of the effect of chord
Reynolds number on blade element loss.

By using the method of reference 6 the over-all total-pressure ratio
across these three stators was computed from the mean-section wake char-
acteristics and is plotted in figure 8 against outlet free-stream critical
velocity ratio. This method includes the effects of the end walls by
assuming that the mean-section blade element momentum thickness for a
straight-back blade is representative of the average momentum thickness
on both the blade and end-wall surfaces within the blade passage. Figure
8 shows that the pressure loss increases with increases in exit velocity.
Also shown in figure 8 is the momentum-averaged total-pressure ratio
obtained from circumferential and radial surveys of total pressure in
a segment of the turbine annulus corresponding to one stator blade spacing
and in a plane approximately 1/4 inch downstream of the stator trailing
edge. The momentum-averaged total-pressure ratios for stators A, B, and
C operating at near-design condition are 0.9681, 0.9730, and 0.9671,
respectively. A comparison of the momentum-averaged total-pressure
ratios with the total-pressure ratios calculated from the mean-section
blade element wake characteristics indicates close agreement between
the two methods. Further, it is seen that at a critical velocity ratio
of 1.10 (approximately design conditions) the total-pressure ratiocs for
stators A, B, and C are 0.9683, 0.9726, and 0.3686, respectively. This
varistion in total-pressure ratio represents approximately a l4-percent
variation in stator loss. On the basis of stator loss alone, it would
appear that stator B with an aspect ratio of 0.8 is near the optimum
aspect ratio. The effect on turbine performance of this order of change
in stator loss, however, is less than 1/2 point in turbine efficiency.
Further, it is seen that the total-pressure ratios for stators A and
C are about the same on either basis. This indicates that the effect
of chord Reynolds number on blade element loss is compensated for by
the wall areas, thus ylelding comparable total-pressure losses. For
stator B the effects of chord Reynolds number and wall area appear to
vield the minimum total-pressure loss. However, as pointed out earlier,
this difference in total-pressure 1loss would affect turbine efficiency

by less than 1/2 point.



Effect of Rotor Aspect Ratio on Effective Fotor Wake Characteristics

By using the design-point efficiency ard the method of reference 7
the effective mean-section two-dimensional womentum thickness was com-
puted. The value of this momentum thickness for rotor A (aspect ratio
of 1.46) was 0.0128 and for rotor B (aspect ratio of 0.73) was 0.0117.
This variation again is a reflection of the change in chord Reynolds
number on blade element loss. Here again, the wall area appears to
compensate for the effect of chord Reynolds mumber to give comparable
total-pressure losses and hence comparable over-all turbine efficiency.

CONCLUDING REMARKS

The results of an investigation to determine the effect of stator
and rotor aspect ratio on transonic-turbine performance are presented
herein. The stator aspect ratios covered were 1.6, 0.8, and 0.4, and all
had a solidity of 1.41. The rotor aspect ra;ios covered were 1.46 and
0.73, and both had a solidity of 2.86. It wis found that over-all tur-
bine performance was not affected appreciabl;r by changes in the stator
or roter aspect ratio. Thus, for the range of aspect ratios investigated
this result verifies the finding of reference 1, which analytically shows
that end-wall area counteracts the effect of chord Reynolds number so that
aspect ratio may be varied over a wide range with little effect on over-
all performance. The results of this investigation verified these analyt-
ical considerations for turbines operating ir the transcnic flow range.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, November 19, 1958
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TABLE I. - STATOR AND ROTOR COMBINATIONS
OF TURBINES INVESTIGATED
Turbine Stator Rotor
Desig- | Aspect | Number Deisig- | Aspect | Number
nation| ratio of blades | na:ion | ratio of blades
I A 1.6 40 13 0.73 37
11 B .8 20 13 .73 37
I1I C .4 10 3 .13 37
v A 1.6 40 A 1.46 74

-




TABLE II. - STATCOR-BLADE-SECTION COORDINATES

(a) Stator A

ri, = 0.010"

Parallel to
axis of
rotation

Blade
Ychord

rio = 0.005%"
Section Hub Mean Tip
Py 53°18! 50°30" 48°50"
r/ry *0.70 0.85 1.00
X, Y, Yo Y, oy Y, Yo
in. in, in, in. in., in. in.
0.00 0.010 |0.010 [0.010 [0.010| ©.010 [0.010
.10 .116 .056 124 .051 .104 .048
.20 .165 .086 176 .080 .152 072
.30 .185 .096 .195 .092 Q71 .078
.40 .184 .0%6 .192 .094 A71 .076
.50 .167 .092 174 .090 .159 .072
.60 .145 .084 .154 .084 143 .068
.70 L1235 074 .135 .076 127 .064
.80 .100 .062 114 .069 .112 .058
.90 .078 .050 .094 .060 .096 .052
1.00 .055 .036 .074 .048 .081 .046
1.10 .032 .020 .054 .035 .065 .038
1.20 | e=-== [====- .034 .020 .030 030
1.207 .005 005 [ccmee | mmmen | e [ em -
1.30 | meeem | =mmm- .014 .003 .034 .020
1.314 | moeme jommm- L005 | 005 | memem | mmme-
1.40 | mmmmm Jmmmmn | emmee | mm - .018 .008
1.462 | mmmme fmmmme emeee [ aomem .005 | .005

11
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TABLE I1. - Continued. GSTATOR-BLADE-1ECTION COORDINATES

(w ;ovitator B

T T 0.0:0"

Para lecl to
axis of
rota .lon~

Blade \\
cnordsy

N\
\

rie = 0.005"—

Section Hub Mearn Tip
¢ 550148" 50930 48050

/1y 0.70 0.85 1.00

Tp Ys, Yy,
in. in. in, in. in in. in,

0.0z0
L0458

.20 L0026
.50 Llea

o] 143
.50 L1562
.60 L1585
N L1565
.80 .153
.90 .148

00
.10

2
.

.50
.40

b

.0

b
d
o

1.40

0wl
L06:
Loy
ROIN
0
R Fo T IR ¢S TN N ¢ To PN NSPIUUS US|,
=0 OL0
; 220 00
H -
i




TABLE II. - Concluded. STATOR-BLADE-SECTION COORDINAT

(¢) Otator C

Parsllel to
axis

rotation
ﬁ\

1

, 517
ry, = 0.005

ucctiﬁn Hubs Mean

a Tip
$ 545044 50045" 44C10"

1.00 RN
1.20 715
1.40 1Y
1.20 100
1.40 550

oo oo
Qo
o

.20
.40
2050
280

.00
5,40

5.0
L5 E0

0
3
4
5

foa il

jall

el

13
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TABLE 1IV.

(a) Rotor A

- ROTOR-BLADE-SHECTION COORDINATES

{égction

Hub

$,

oo
LCg

o

r/ry

0.70

p!
in.

0.000
.050
.100
.150
.200

.250
.300
L850
. 400
450

.500
.550
500
.650
.700

. 750
.800
.850
. 500
L4950

.000
.050
.100
.150
.200

e ]

.250
.300
L350
100

wd

o b

i

ekl
250
LS00
LU

| el el

10y

0.005

L0351
.0ez
.088
.11z
L1328
.150
.165

L1390




TABLE IV. - Concluded. ROTOR-BLADE-SECTION COORDINATES

(v) Rotor B

Blade
chiord

Ty = 0.010"
Axis of rotation +&
-¢ te = 0.018"
Section Hub Mean Tip
&, -3.25 7.93 19.87
deg
r/re 0.70 0.85 1.00
X, Yo, Yp, Yo, Yp, Yo, Yp,
in. in. in. in. in. in. in.
0.000 |0.010 |0.010 |0.010 |0.01 | 0.010 |0.010
.100 .142 .088 .138 .08 _ .116 .061
.2 .257 .182 .255 167 .213 .123
.300 .365 .264 .357 .24n .297 .176
.400 465 337 .449 .30t V371 .223
.500 .555 . 400 .534 .35) .435 .264
.600 L6357 .455 .606 .405 .487 .299
.700 .710 .504 .666 L4453 531 .330
.800 L7170 .546 .715 474 .566 .357
.900 .81Y .581 .752 .493 .593 L3792
1.000 .857 .609 177 .5183 .612 .397
1.100 .884 632 .132 L5235 623 .412
1.200 .901 651 .798 .543 .630 .423
1.300 .908 666 .795 .547 .631 .430
1.400 . 904 .675 .784 .547 .625 .433
1.500 892 676 .765 .543 .613 .430
1.600 .870 L6BY .738 .53 .595 .423
1.700 L8332 653 .703 .517 571 .412
1.800 .800 .630 .663 L4486 .541 .396
1.800 L7153 L5949 .617 .4¢9 .507 .376
2.000 L6306 .560 L5635 .40.8 .470 .353
2.100 632 .513 .510 403 .431 L3217
2.200 .561 .459 .452 Late .389 .298
2.300 .486 .308 L5491 .3.6 .346 .267
2.400 .405 .330 L2329 266 .303 254
2.500 325 .258 267 2.3 .260 .199
2.600 .242 .18z .205 .16 .217 .183
2.700 .159 .104 L1453 .06 174 .126
2.800 .076 .025 .081 .035 .131 .087
2.858 .019 o s [ S B I
2.885 | cecum |==--- .019 OL9} memem =
2.900 | mmmo= |mmmmm fmmmmm | mem e .088 .046
23,000 | emmmm |mmmm= |mmmmm === .045 .004
3,032 | ememm |mmmmm | ammmm == e .019 .019
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